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(57) ABSTRACT 

Athermally coupling electrically decoupling cooling device 
is described. The cooling device may be thermally disposed 
between a Self-heating electrically conductive line and a 
Semiconductor Substrate to cool the line by transferring heat 
from the line to the substrate while blocking flow of current 
from the line to the Substrate. The cooling device may 
contain a thermally conductive structure, Such as a stack of 
Vias and lines, to conduct heat away from the electrically 
conductive line, and a current blocking structure, Such as a 
reverse biased diode or a capacitor, to block current flow into 
the Substrate. Specific current blocking Structures include a 
reverse biased diode containing an n-doped region and a 
p-doped region disposed between the thermally conductive 
Structure and the Substrate, and a capacitor containing a 
dielectric layer disposed between the thermally conductive 
Structure and the Semiconductor Substrate. 

10 Claims, 9 Drawing Sheets 
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THERMALLY COUPLING ELECTRICALLY 
DECOUPLNG COOLING DEVICE FOR 

INTEGRATED CIRCUITS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates generally to cooling of integrated 

circuits. More particularly, the invention relates to a ther 
mally coupling electrically decoupling cooling-device to 
cool a Self-heating electrically conductive line by transfer 
ring heat from the line to a Semiconductor Substrate while 
blocking flow of current from the line to the substrate, and 
to an integrated circuit containing the cooling device. 

2. Background Information 
Many integrated circuits include multi-layer electrical 

interconnect Structures to provide power and electrical Sig 
nals to logic elements Such as transistors located on a 
semiconductor Substrate. As will be explained further below, 
these interconnect Structures may become heated during 
operation, due to typically Small electrical resistances, and 
the heat So generated can lead to electromigration that 
degrades the performance and reliability of the integrated 
circuits. 

FIG. 1 illustrates a croSS Section of an integrated circuit 
100 having a two-metal layer electrical interconnect struc 
ture that contains a Self-heating Signal line 130 that, as a 
result of operation, converts a portion of an electrical current 
transmitted acroSS the line into heat. The integrated circuit 
contains a dielectric material 120, a tortuous electrical 
interconnect structure 110 embedded in the dielectric 
material, and a Semiconductor Substrate 180 containing a 
transistor 170. The interconnect structure contains the signal 
line 130, via 140, a metal interconnect line 150, and a 
contact 160. The Signal line resides within a Single layer and 
receives electrical current representing a signal for the 
transistor. The via is in electrical contact with the Signal line 
to receive the Signal and provide it to the metal interconnect 
line located in a Sublayer. Similarly, the contact is in 
electrical contact with the metal interconnect line to receive 
the Signal and provide it to the transistor. 

The Signal line may generate heat as a result of the 
electrical current and Signals transmitted over it. Typically 
this is a result of Small but non-Zero electrical resistances 
within the Signal line that convert a portion of the electrical 
current energy into heat. The amount of heat generated by 
the Signal line may be related to the Square of the current 
carried by the line multiplied by the electrical resistance of 
the Signal line material. This form of resistive Self-heating is 
well known. Since the Signal line is Surrounded by dielectric 
material, which typically has a low thermal conductivity, the 
heat is unable to dissipate and the temperature of the Signal 
line increases. Such an increase in temperature may promote 
electromigration that may degrade the performance and 
reliability of the interconnect lines and the integrated circuit. 

Electromigration is the unintended movement of metal 
atoms of the Signal line as a result of frictional forces 
imposed by electrical current and may lead to poor reliabil 
ity and integrated circuit failure. Such movement may cause 
troughs to form at a Start of the Signal line where material is 
removed and hills to form at an end of an interconnect line 
where the moved material accumulates. This can weaken the 
line, rupture the line, and cause the integrated circuit to fail. 
Additionally, metal atoms may diffuse into the dielectric 
material creating unintended non-via electrically conductive 
pathways between layers that can electrically short. 
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Accordingly, increases in Signal line temperature may cause 
increased electromigration and decreased integrated circuit 
performance and reliability. 
One way to reduce electromigration is to reduce current 

and current density in the Signal line So that Self-heating 
decreases. However, this poses significant limitations on 
integrated circuit performance. For example, this may cause 
the current levels to decrease to a point where the transistor 
Switches slowly and performance of the integrated circuits 
compromised. 

Recently, the Significance of electromigration has 
increased due to the technological Scale down and Shrinkage 
of integrated circuits and interconnect Structures. Shrinking 
a signal line reduces the croSS Sectional area, which causes 
higher current densities and greater electrical resistance per 
unit length. This higher electrical resistance may cause more 
heat to be generated. Additionally, reducing the croSS Sec 
tional area decreases the amount of heat transfer area in 
contact with the Surrounding dielectric material that is 
available for heat dissipation. This problem becomes even 
worse when low dielectric constant materials having a 
dielectric constant lower then Silicon dioxide are used, since 
these materials often have even lower thermal conductivities 
that prevent heat dissipation. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

The novel features believed characteristic of the invention 
are Set forth in the appended claims. The present invention 
is illustrated by way of example, and not by way of 
limitation, in the figures of the accompanying drawings and 
in which like reference numerals refer to Similar elements. 
The invention itself, however, as well as a preferred mode of 
use, will best be understood by reference to the following 
detailed description of an illustrative embodiment when read 
in conjunction with the accompanying drawings: 

FIG. 1 shows an integrated circuit having a two-metal 
layer electrical interconnect Structure that contains a Self 
heating Signal line that converts a portion of an electrical 
current transmitted across the line into heat. Prior Art. 

FIG. 2 shows an integrated circuit containing a Semicon 
ductor Substrate, a Self-heating electrically conductive line, 
and a thermally coupling electrically decoupling cooling 
device to cool the line by transferring heat to the Semicon 
ductor substrate while blocking flow of current from the line 
to the Substrate, according to one embodiment of the present 
invention. 

FIG. 3 shows an integrated circuit having a thermally 
coupling electrically decoupling cooling device that con 
tains a thermally conductive Structure and a current blocking 
Structure, according to one embodiment of the present 
invention. 

FIG. 4 shows an integrated circuit having a thermally 
coupling electrically decoupling cooling device that con 
tains a thermally conductive Stack Structure of Vias and lines, 
and a current blocking reverse biased diode Structure con 
taining an n-doped region within a p-doped region, accord 
ing to one embodiment of the present invention. 

FIG. 5 shows a Semiconductor device containing a 
p-doped region and an n-doped region, the Semiconductor 
device operable to transmit electrical current as a Semicon 
ductor diode when a positive Voltage is applied from the 
p-doped region to the n-doped region and operable to block 
electrical current when a positive Voltage drop is applied 
from the n-doped region to the p-doped region. 

FIG. 6 shows a microprocessor integrated circuit contain 
ing a thermally coupling electrically decoupling cooling 
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device that contains a thermally conductive Stack Structure 
of lined Vias and lined conductive lines, and a current 
blocking reverse biased diode Structure of an n-doped region 
within a p-doped region, according to one embodiment of 
the present invention. 

FIG. 7 shows an integrated circuit having a thermally 
coupling electrically decoupling cooling device that con 
tains a thermally conductive Stack Structure of Vias and lines, 
and a current blocking capacitor Structure containing an 
electrically insulating dielectric layer Such as a thin gate 
oxide layer, according to one embodiment of the present 
invention. 

FIG. 8 shows an integrated circuit containing a dielectric 
material having an exemplary routing configuration of 
power lines and Signal lines, Superimposed on the configu 
ration are positions contemplated for locating thermally 
coupling electrically decoupling cooling devices, as indi 
cated by the encircled numbers, according to various 
embodiments of the present invention. 

FIG. 9 shows an integrated circuit containing a plurality 
of Signal lines, a power line, and a cooling device thermally 
coupled with the power line to cool the power line as well 
as a larger thermal influence area that includes portions of 
the Signal lines and electrically decoupled from the Substrate 
to block flow of electrical current from the power line into 
the Substrate, according to one embodiment of the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

In the following description, for the purpose of 
explanation, numerous specific details are Set forth in order 
to provide a thorough understanding of the present inven 
tion. It will be apparent, however, to one skilled in the art 
that the present invention may be practiced without Some of 
these Specific details. In other instances, well-known Struc 
tures and devices are shown in block diagram form. 

FIG. 2 illustrates an integrated circuit 200 containing a 
Semiconductor Substrate 230, a Self-heating electrically con 
ductive line 210, and a thermally coupling electrically 
decoupling cooling device 220 to cool the line by transfer 
ring heat to the Semiconductor Substrate while blocking the 
flow of current from the line to the Substrate, according to 
one embodiment of the present invention. Advantageously, 
the cooling device may conduct heat away from the line, 
thereby cooling the line and improving the performance and 
reliability of the line and the integrated circuit. 

The integrated circuit 200 is to be interpreted broadly. The 
terms integrated circuit, chip, monolithic device, Semicon 
ductor device, and microelectronic device, are often used 
interchangeably in this field. Embodiments of the present 
invention are applicable to all the above as they are generally 
understood in the field. The integrated circuit of one embodi 
ment is a microprocessor, such as Intel(R) Pentium(R 4 
Processor, available from Intel Corporation of Santa Clara, 
Calif. 
The electrically conductive line 210 is an electrically 

conductive Signal path or medium to carry an electrical 
signal associated with the integrated circuit 200. The con 
ductive line will be used to include interconnects, traces, 
wires, metal lines, and metal as they are generally under 
stood in the field. The related terms interconnect, trace, wire, 
metal line, and metal are often used interchangeably and 
appear in order from more Specific to more general. Accord 
ing to a first embodiment of the present invention, the line 
comprises an electrically conductive power line coupled to 
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4 
a positive power Supply node to receive a nearly continuous 
Supply of electrical current and Voltage constituting power 
for distribution to the integrated circuit. According to a 
Second embodiment of the present invention, the line com 
prises an electrically conductive Signal line coupled to a 
Signal node to receive typically discrete, high-frequency, 
high-slope electrical Signals for distribution to integrated 
circuit active elements. 
The electrically conductive line 210 comprises an elec 

trically conductive material Sufficient to carry the electrical 
Signals. The conductive material is not a limitation of the 
present invention, although various materials that are con 
templated will be discussed briefly. Often the conductive 
material may be a metal Such as but not limited to aluminum 
(Al), copper (Cu), an alloy, an alloy of copper, an alloy of 
copper and aluminum, an alloy of copper and magnesium 
(Mg), an alloy of copper and niobium (Nb), an alloy of 
copper and aluminum and another material, an alloy of 
copper and aluminum and Silicon (Si), and other materials 
(e.g., material comprising titanium (Tl), tantalum (Ta), tan 
talum nitride (TaN), tungsten (W), nickel (Ni), molybdenum 
(Mo), or a refractory metal silicide). Often the metal may 
include copper as the primary material, Since copper has a 
lower electrical resistance than many other conductive mate 
rials and allows smaller width lines. The line may also be a 
conductive Semiconductor material, Such as doped 
Semiconductor, doped polysilicon, or doped Single-crystal 
silicon (also known as diffusion which includes both thermal 
diffusion doping and ion implantation doping). 
The conductive line is Self-heating in that the conductive 

material has a typically Small but non-negligible electrical 
resistance that causes a portion of the electrical Signal passed 
over the line to be converted into thermal heat. That is, the 
line essentially generates heat as electrical current is trans 
mitted to active devices of the semiconductor Substrate. The 
heat generated may cause the temperature of the line to 
increase by between about 5 C. and about 20° C. This 
increase in temperature may make the line hotter than the 
cooling device and hotter than the Semiconductor Substrate. 
The cooling device 220 is functionally disposed between 

the electrically conductive line 210 and the semiconductor 
Substrate 230 to transfer heat from the line to the semicon 
ductor Substrate while effectively Suppressing flow of elec 
trical current from the line to the Semiconductor Substrate. 
The cooling device may transfer heat due to thermal con 
duction driven by a natural temperature differential that 
develops due to the Self heating and that is characterized by 
a higher temperature in the line than in the cooling device 
and a higher temperature in the cooling device, after transfer 
of Some heat, than in the Semiconductor Substrate. 
Advantageously, in this way the cooling device may remove 
heat from the line to the semiconductor Substrate without 
adversely affecting the electrical operation of the Semicon 
ductor SubStrate. This may improve reliability by decreasing 
electromigration and improve performance by allowing 
effective currents to be carried across the line. 
The semiconductor substrate 230 is thermally coupled 

with the cooling device to receive heat from the cooling 
device, due to a lower temperature in the Semiconductor 
Substrate th an in the cooling device, and is electrically 
decoupled from the cooling device and from the electrically 
conductive line So that no significant electrical current 
Sufficient to disrupt operation of the Semiconductor Substrate 
is transmitted from the line to the Semiconductor Substrate 
through the cooling device. 
The semiconductor Substrate is to be interpreted broadly 

as any Semiconductor Substrate that may function as a heat 
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Sink to absorb, transmit, dissipate, or absorb, transmit, and 
dissipate the heat received from the cooling device. The 
Semiconductor Substrate is shown in Simplified format So as 
not to obscure the concepts of the present invention, how 
ever those having an ordinary level of Skill in the art and the 
benefit of the present disclosure will appreciate that the 
Semiconductor Substrate may include the electrically active 
elements of a microprocessor, a memory, or another form of 
Semiconductor device for an integrated circuit. For example, 
the Semiconductor Substrate may be a Silicon wafer having 
various Semiconductor electrical components (e.g., 
transistors, capacitors, resistors, diodes, etc.) formed therein 
that are connected to power and Signal distribution lines by 
interconnects Such as Vias and metal lines to form a micro 
processor. Additionally, the Semiconductor Substrate is not 
limited to Silicon, and may include germanium, gallium 
arsenide, as well as numerous other materials. 

Different embodiments of the cooling device 220 are 
contemplated and will be discussed in greater detail below. 
In particular, FIG. 3 illustrates a first cooling device that 
contains a thermally conductive Structure and a current 
blocking structure. FIGS. 4 and 6 illustrate a second and a 
third cooling device that contain a thermally conductive 
Stack Structure of Vias and lines and a current blocking 
reverse biased diode Structure that contains a n-doped region 
and a p-doped region aligned with a positive Voltage drop 
from the n-region to the p-region. Cooling devices contain 
ing Such current blocking Structures may be especially 
useful for cooling Signal lines, Since the current blocking 
Structure may cool the Signal line without significantly 
affecting Signals carried acroSS the line. FIG. 7 illustrates a 
fourth cooling device that contains a thermally conductive 
Stack Structure of Vias and lines and a current blocking 
capacitor Structure formed of an electrically insulating 
dielectric layer disposed between the thermally conductive 
Structure and the Semiconductor Substrate. Cooling devices 
containing Such current blocking Structures may be useful 
for cooling power lines, Since the added capacitance may 
provide beneficial decoupling capacitance, and should not 
alter Signals carried by the power lines. 

FIG. 3 shows an integrated circuit 300 having a thermally 
coupling electrically decoupling cooling device 320 that 
contains a thermally conductive structure 330 and a current 
blocking structure 340, according to one embodiment of the 
present invention. The cooling device including the ther 
mally conductive Structure and the current blocking Struc 
ture is disposed between a Self-heating electrically conduc 
tive line 310 and a semiconductor Substrate 360 and resides 
within a dielectric material 350. 

The thermally conductive structure 330 is thermally 
coupled with the line to receive heat from the line by 
conduction. AS current is passed through the line and the 
temperature of the line increases, a temperature difference 
develops between the relatively hot line and the thermally 
conductive Structure. This temperature difference drives 
thermal conduction of heat from the line into the thermally 
conductive Structure. A similar driving force may exist 
between the line and the dielectric material, although the 
dielectric material typically has a low thermal conductivity 
that does not allow an effective amount of heat to be 
transferred. As a result of thermal conduction into the 
thermally conductive structure, heat is withdrawn from the 
line and the maximum temperature established in the line is 
essentially reduced. 

The current blocking structure 340 is thermally coupled 
with the thermally conductive structure to receive heat from 
the thermally conductive Structure. AS heat is passed from 
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6 
the line into the thermally conductive Structure, the tem 
perature of the thermally conductive Structure begins to 
increase to a slightly lower temperature than that in the line. 
AS this temperature begins to increase, a temperature dif 
ference develops between the relatively hot thermally con 
ductive Structure and the current blocking Structure. This 
temperature difference drives conduction of heat from the 
thermally conductive Structure into the current blocking 
Structure. Thus, heat has been passed from the line, through 
the thermally conductive Structure, and into the current 
blocking Structure. 

The semiconductor substrate 360 is thermally coupled 
with the current blocking Structure to receive heat from the 
current blocking structure. AS heat is passed from the 
thermally conductive Structure into the current blocking 
Structure the temperature within the current blocking Struc 
ture begins to increase to a slightly lower temperature than 
that in the thermally conductive Structure. A temperature 
difference develops between the relatively hot current block 
ing Structure and the relatively cool Semiconductor Sub 
Strate. This temperature difference drives conduction of heat 
from the current blocking structure into the Semiconductor 
Substrate. Thus, heat has been passed from the line to the 
thermally conductive Structure, from the thermally conduc 
tive Structure to the current blocking Structure, and from the 
current blocking structure to the Semiconductor Substrate. 
Advantageously, this allows the cooling device to decrease 
the temperature within the line. 

FIG. 4 illustrates an integrated circuit 400 having a 
thermally coupling electrically decoupling cooling device 
410 that contains a thermally conductive stack structure 411 
containing Vias and lines, and a current blocking reverse 
biased semiconductor diode structure 412 containing an 
n-doped region, within a p-doped region, according to one 
embodiment of the present invention. The cooling device 
conducts heat away from an electrically conductive line 405 
and into a substrate 445 while at the same time blocking 
electrical current that is carried on the line from flowing into 
the Substrate. 

The thermally conductive structure 411 includes a stack of 
thermally conductive Vias and thermally conductive lines 
that traverse multiple layers of dielectric material 455 dis 
posed between the line 405 and the substrate 445. The 
dielectric may comprise an oxide of Silicon (e.g. Silicon 
dioxide) or a low-k dielectric having a dielectric constant 
lower than that of silicon dioxide. The structure 411 includes 
a first thermally conductive via 415, a first thermally con 
ductive line 420, an optional thermally conductive structure 
425, and a thermally conductive contact via 430. The via, the 
line, the optional Structure, and the contact via may each 
reside in a different layer of a multi-layer interconnect 
structure formed in the dielectric material. The line 420 will 
be termed a “line' since it may occur within a layer that 
contains interconnect lines formed therein, although the line 
420 may actually comprise a short line Segment that may 
have dimensions down to about that of a via. 

The via 415 may be any thermally conductive structure, 
Such as a metal filled hole in the dielectric material that 
connects or couples the line 405 with the line 420. Similarly, 
the contact via may be any thermally conductive Structure, 
Such as a pair of metal filled holes in the dielectric material 
that connects or couples a Superjacent conductive structure 
with the Semiconductor Substrate. 

The via 415 has a top surface in thermal contact with the 
line 405 to receive heat from the line 405 by thermal 
conduction and a bottom Surface to provide the heat. The 
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line 420 has a top surface in thermal contact with the bottom 
surface of the via 415 to receive heat by thermal conduction 
and a bottom surface to provide the heat. The structure 425 
may similarly have a top Surface in thermal contact with the 
bottom Surface of the line 420 to receive heat from the line 
420 by thermal conduction and a bottom surface to provide 
the heat. The contact via 430 has a top surface that is 
thermally coupled with the bottom surface of either the line 
420 or the structure 425 (when the structure is present), to 
receive heat by thermal conduction and has a bottom Surface 
to provide heat to the current blocking structure 412. 

The structure 425 may contain any desired number of 
additional Vias and lines. Each additional via and line may 
be similar to the via 415 and the line 420, respectively, or 
they may be different. According to one embodiment of the 
present invention, the Structure 425 contains an even number 
of additional Vias and lines in alternating order in different 
layerS Starting with an additional via in contact with the line 
420 at a top surface thereof and ending with an additional 
conductive line in contact with the contact via 430 at a 
bottom Surface thereof. For example, according to one 
particular embodiment of the present invention, the ther 
mally conductive Structure 411 contains a thirteen layer 
Stack of Vias and lines including the following from top to 
bottom disposed between the line 405 and the current 
blocking structure 412: first via 415/first line 420/second 
via/second line/third via/third line/fourth via/fourth line/fifth 
via/fifth line/sixth via/sixth line/contact via 430. 

The via 415, the line 420, the structure 425, and the 
contact via 430 typically contain thermally conductive mate 
rial. Typically the material has a higher thermal conductivity 
than the dielectric material. For example, the material may 
have a higher thermal conductivity than Silicon dioxide 
(SiO2). Since it is desirable to suppress flow of electrical 
current between the line 405 and the Substrate 445 the 
material need not be electrically conductive. However, to 
simplify fabrication of the thermally conductive structure 
411, it may be desirable to use materials typically used to 
fabricate multi-layer interconnect Structures, which are often 
electrically conductive metals. Specific materials that are 
contemplated for the via 415, the line 420, the structure 425, 
and the contact via 430 include a material used for the line 
405, a metal, copper, aluminum, an alloy or blend, a binary 
alloy, an alloy of primarily copper, an alloy of copper and 
aluminum, an alloy of copper and magnesium, or an alloy of 
copper and niobium, a ternary alloy, an alloy of copper and 
aluminum and another material, an alloy of copper and 
aluminum and Silicon, tungsten, titanium, tungsten coated 
with titanium, tantalum, tantalum nitride, nickel, 
molybdenum, and a refractory metal Silicide. 

The current blocking Structure 412 includes an n-doped 
region 435 embedded in the near-Surface region of a p-doped 
region 437 of the semiconductor substrate 445. The structure 
412 Sufficiently blocks flow of current from the line 405 to 
the Semiconductor Substrate while allowing thermal conduc 
tion of an effective amount of heat to the Substrate. The 
doped regions may be regions of Semiconductor material 
that contain doping material. For example, the doped regions 
may be doped Silicon, doped polysilicon, doped single 
crystal silicon, or diffusion which contain effective levels of 
atoms formed in the Semiconductor material by thermal 
diffusion doping, ion implantation doping, or by other 
techniques. 

Before describing the current blocking Structure in further 
detail, a brief discussion of p-n Semiconductor devices will 
be provided with reference to FIG. 5 to illustrate concepts 
that will be useful for understanding the operation of the 
current blocking Structure 412. 
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FIG. 5 illustrates a semiconductor device 520 containing 

a p-doped region 530 and an n-doped region 540, the 
Semiconductor device is operable to transmit electrical cur 
rent as a Semiconductor diode when positive Voltage is 
applied from the p-region to the n-region and is operable to 
block electrical current when positive Voltage is applied 
from the n-region to the p-region. The Semiconductor device 
represents an example of a two-terminal Semiconductor 
device, which as a diode has a low resistance to electric 
current in one direction, and which as a reverse biased diode 
has a high resistance to electrical current in the opposite 
direction. 
The semiconductor device 520 is disposed between a first 

terminal 510 and a second terminal 550 that provide a 
prescribed Voltage drop across the device. The device con 
tains on a left hand Side a p-doped region adjacent to an 
n-doped region on a right hand Side. Depending upon the 
Voltage drop applied across the device it may operate 
alternatively as a p-n junction Semiconductor diode or a p-n 
junction reverse biased Semiconductor diode. AS will be 
explained conceptually below, the device conducts electric 
ity when a positive Voltage is applied from the p-doped 
region to the n-doped region, but does not conduct electricity 
under the reverse configuration wherein a positive Voltage is 
applied from the n-region to the p-region. 

Consider first what happens when a positive Voltage drop 
as applied from the left-hand Side (i.e., from the p-doped 
region) to the right-hand Side (i.e., to the n-doped region). 
Since electrons move in the opposite direction of current, 
electrons will move to the left in the n-doped region. 
Similarly, holes will move to the right in the p-doped region. 
Proximate the interface between the p-region and the 
n-region electrons and holes will combine and disappear. 
Essentially this provides a flow of holes moving to the right 
in the p-region and a flow of electrons moving to the left in 
then-region. This represents current flow from the left to the 
right. Under these conditions the device acts as a p-n 
junction Semiconductor diode. 

NeXt consider a reversed configuration wherein a positive 
voltage is applied from the right hand Side (from the n-doped 
region) to the left hand side (to the p-doped region). Under 
these circumstances, electrons in the n-region flow to the 
right and holes in the p-region flow to the left. That is, the 
electrons and holes move to opposite sides of the diode. 
Generally very little time and very little current are needed 
to provide this separation, which essentially Stops flow of 
current through the diode. Under these conditions the device 
acts as a p-n junction reverse biased Semiconductor diode. 
Such a device maybe used as a current blocking Structure are 
embodiment of the present invention. 

Referring back to the current blocks structure 412 of FIG. 
4, the n-doped region 435 embedded in the p-doped region 
437 acts as a p-n junction reverse biased Semiconductor 
diode. The reverse biased Semiconductor diode Suppresses 
flow of electrical current from the positive voltage line 405 
into the substrate 445. This electrically decouples the Sub 
strate from the line 405 and thereby suppresses flow of 
current and undesired electrical interactions and loads. 
The n-doped region is a region of Semiconductor doped 

with an n-type dopant. The n-type dopant may be a high 
Valency dopant, an electron-contributing dopant, a dopant 
atom providing a weakly-bound electron, an atom from 
group 5A of the periodic table of the elements, phosphorous, 
arsenic, or others. The n-type dopant may essentially add 
free and available electrons to the n-region. 

According to one embodiment of the present invention, 
the n-doped region may have a dopant penetration depth and 
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a dopant concentration level Substantially Similar to, or the 
Same as, those conventionally used in a Source and drain of 
a transistor. For example, the depth may be between about 
0.1 micrometers (1 micrometer equals 1.0x10 meters) and 
about 20 micrometers or between about 1 micrometer and 
about 10 micrometers. Likewise, the concentration level 
may be between about 10' atoms/cm and about 10 
atoms/cm or between about 10" atoms/cm and about 10" 
atoms/cm. Advantageously, using conventional character 
istics including depth and concentration may allow the 
region to be fabricated during the transistor fabrication 
phases of integrated circuit fabrication without changing the 
proceSS or Settings. 

The n-doped region may be created by adding n-type 
dopant to the Semiconductor Substrate. This may be done by 
ion implantation, by diffusion from a gaseous Source in a 
furnace, and other methods. Ion implantation may be per 
formed with a System that projects or fires n-type dopant 
atoms into the Semiconductor Substrate. Penetration depth 
may be adjusted by adjusting an implant energy, measured 
in keV (kilo electron volts, 1 eV equals 1.6x10'J), which 
often ranges between about 10 keV and about 100 keV. 
Similarly, dopant concentration may be adjusted by adjust 
ing the ion-beam current, which is essentially a representa 
tion of the number of dopant ions added. 

The p-doped region sits Subjacent to the n-doped region 
and Surrounds the n-doped region. The p-region is a region 
doped with a p-type dopant. The p-type dopant may be a 
low-valency dopant, an electron deficient dopant, an atom 
from group 3A of the periodic table of the elements, boron, 
aluminum, or others. The p-type dopant may essentially add 
holes to the p-region. 

Different embodiments of the reverse biased diode are 
contemplated. According to a first embodiment of the 
present invention, the reverse biased diode comprises 
another p-n junction reverse biased Semiconductor diode 
wherein the n-doped region 435 is replaced with a p-doped 
region and the p-doped region 437 is replaced with an 
n-doped region. Such a diode may be reverse biased when 
the cooling Structure is connected to a negative biased line 
or ground line (i.e., when the Substrate has positive vcc and 
negative VSS lines). In Such configuration the p-doped region 
is connected with a negative Voltage So that it forms a 
reverse-biased diode with the n-doped region and blockS 
current flow from the electrically conductive line into the 
Substrate. According to a Second embodiment of the present 
invention, the reverse biased diode may comprise a Schottky 
metal-Semiconductor junction diode in reverse biased con 
figuration relative to the Voltage configuration of the Semi 
conductor Substrate So that no significant electrical current is 
transferred from the line to the Semiconductor Substrate. 

FIG. 6 illustrates a microprocessor 600, one exemplary 
integrated circuit, containing a thermally coupling electri 
cally decoupling cooling device 620 that contains a ther 
mally conductive stack structure 621 of lined vias and lined 
conductive lines, and a current blocking reverse biased 
Semiconductor diode Structure 670 containing an n-doped 
region within a p-doped region, according to one embodi 
ment of the present invention. The cooling device conducts 
heat away from an electrically conductive line 610 and into 
a substrate 680 while at the same time blocking electrical 
current that is carried on the line from flowing into the 
Substrate. 

The microprocessor includes a passivation layer 605 on 
top of a multi-layer interconnect Structure comprising a 
dielectric 645 having embedded therein the self-heating 
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conductive line 610, a thermally conductive structure 621 
coupled with the first line, a Second electrically conductive 
line 690, and a tortuous electrical interconnect structure 693 
coupled with the second line 690. The microprocessor also 
includes a current blocking structure 670, coupled with the 
thermally conductive structure 621, and a substrate 680 
containing an active transistor 699 coupled with the con 
nection 693. The microprocessor further includes a Therma 
FinTM heat sink 685 coupled with the substrate. The Therma 
FinTM heat sink is available from Thermacore of Lancaster, 
Pa. and utilizes folded fin technology to achieve high Surface 
area and a fan to increasing the flow of heat from the 
processor and the fins to the air. 
The thermally conductive structure 621 includes a stack 

of Vias and lines that traverse multiple layers of dielectric 
material disposed between the line 612 and the Substrate. 
The structure includes a first via 625, a first line 630, an 
optional thermally conductive structure 640, a second line 
650, and a contact via 660. Each of these substructures may 
reside in different layers. 
The first via 625 has a top surface in thermal contact with 

a liner 614 of the line 610 to receive heat from the line 610 
by thermal conduction. The first via contains a liner 629 
formed around its sides and bottom and disposed between 
via core 627 and the dielectric 645 to separate the core from 
the dielectric to prevent undesirable interactions between the 
core material and the dielectric. The core may comprise a 
thermally conductive metal Such as copper and the liner may 
comprise a thinly formed or deposited layer of titanium 
nitride to protect against electromigration. The liner 629 has 
a bottom Surface in thermal contact with a liner 632 of the 
line 630 to provide heat to the line 630 by thermal conduc 
tion. The line 630 also contains a core 634 and a second liner 
636. The core may comprise a thermally conductive metal 
Such as a copper-aluminum-Silicon alloy, and either or both 
of the liner 632 and 636 may comprise a protecting and 
Strengthening material Such as titanium to reduce electromi 
gration and stress fracture of the core material. The liner 636 
has a bottom Surface in thermal contact with any optional 
structure 640 to provide heat to the structure by thermal 
conduction. The Structure may contain any desired number 
of additional vias similar to via 625 and any desired number 
of additional lines similar to line 630. The structure has a 
bottom Surface in contact with a liner 652 of line 650. Line 
650 has a liner 656 having a bottom surface in thermal 
contact with contact via 660 to provide heat by thermal 
conduction. The contact via contains two adjacent core plugs 
662A and 662B, each smaller than the via 625 and having 
respective liners 664A and 664B on their sides and bottom. 
A contact 668 is thermally coupled with a bottom surface of 
the liners 664A-B. The cores may contain a thermally 
conductive metal Such as tungsten. The liners may contain a 
material Such as titanium to improve adhesion between the 
coremetal and the dielectric. Dielectric Surrounds and Sepa 
rates the liners 664A-B. 
The current blocking structure 670 contains an n-doped 

region 672 embedded within a p-doped region 674 in the 
near-Surface region of the Semiconductor Substrate. The 
n-doped region and the p-doped region act as a reverse 
biased Semiconductor diode relative to Voltage in the line 
610 and suppress or block current flow into the semicon 
ductor Substrate. 

According to one embodiment of the present invention, 
each of the Substructures of the cooling device is Substan 
tially similar to a corresponding Standard integrated circuit 
component. For example, each Substructure of the cooling 
device may be Substantially similar to a corresponding 
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Substructure contained in the connection 693 and the tran 
sistor 699. Similarities may include using the same 
materials, the Same height, the same fabrication process, and 
other Similarities. For example, the n-doped region 672 may 
be fabricated at the same time with the same equipment, and 
have similar depth and concentration as an n-doped region 
of the transistor 699. Likewise, the contact via 660 may be 
formed of Similar materials, height, and footprint area as 
another contact via 698. Of course, the sizes of the cooling 
device substructures may be modified. For example, via 627 
may have a different size than via 694. 

FIG. 7 illustrates an integrated circuit 700 having a 
thermally coupling electrically decoupling cooling device 
710 that contains a thermally conductive stack structure 711 
containing Vias and lines, and a current blocking structure 
735 containing a capacitor formed by an electrically insu 
lating dielectric layer, according to one embodiment of the 
present invention. The cooling device conducts heat away 
from an electrically conductive line 705 and into a substrate 
745 while the capacitor blocks flow of electrical current into 
the Substrate. 

The cooling device 710 contains a thermally conductive 
structure 711 and a current blocking structure 735. The 
thermally conductive structure 711 maybe similar to other 
thermally conductive Structures described herein. 

The current blocking structure 735 is functionally dis 
posed between the thermally conductive structure 711 and 
the substrate 745. In particular, the structure is embedded 
within the dielectric 755 near a top surface of the substrate. 

The structure 735 contains a gate contact 736 Superjacent 
to a gate dielectric 737 that sufficiently blocks flow of 
current into the Substrate while allowing thermal conduction 
of an effective amount of heat to the Substrate. The structure 
may be an incomplete and electrically inoperative portion of 
a Metal Oxide Semiconductor (MOS) transistor that con 
tains a gate contact and a gate oxide. 

The gate contact 736 has a top Surface in thermal contact 
with the contact via 730 and a bottom Surface in contact with 
a top Surface of the gate dielectric 737. The gate contact may 
desirably be a thermally conductive material and need not be 
an electrically conductive material, although it often may be. 
For example, the gate contact may contain a metal, 
polysilicon, or a Silicide. The polysilicon may be n-doped 
polysilicon (e.g., may contain arsenic or phosphorous) or 
p-doped polysilicon (e.g., may contain boron). 

The gate dielectric layer 737 has a top surface in contact 
with the gate contact and a bottom Surface in contact with 
the Semiconductor Substrate. The dielectric layer may con 
tain a layer of an oxide of the Semiconductor, Such as 
amorphous Silicon dioxide, which is Sandwiched between 
the Substrate and the gate contact. The thickness may be 
between about 1 nanometer (one billionth of a meter) and 
about 100 nanometers or may be between about 5 nanom 
eters and about 10 nanometers. The gate oxide may have 
Similar characteristics to a gate oxide used in a conventional 
MOS transistor. 

FIG. 8 illustrates an integrated circuit 800 containing a 
dielectric material 810 having routed therein an exemplary 
configuration 820 of electrically conductive power lines 
830A and 830B and electrically conductive signal lines 
840A, 840B, and 840C. As shown, the signal lines are routed 
between power the lines. Other routing configurations are 
contemplated. Encircled numbers are used to indicate posi 
tions that are contemplated to be useful for locating cooling 
devices that cool the power lines and Signal lines, according 
to various embodiments of the present invention. 
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Both the power lines and the Signal lines may Self-heat as 

a result of current that is passed through them. Typically 
power lines are designed to reduce resistive current drops by 
designing the power lines wider than Signal lines So that they 
have larger croSS Sections and carry less current per unit 
width. The Signal lines may Self-heat to a greater extent 
partly because they have Smaller cross-sections and partly 
due to the high-frequency alternating current, high-slope, 
spiky signals they carry. The higher root mean Square (RMS) 
current per width may cause more Self-heating. This may 
lead to temperature increases within the lines and in Suffi 
ciently proximate regions of dielectric Surrounding the lines. 
The power lines, the Signal lines, or both the power lines and 
the Signal lines may be cooled by providing one or more 
cooling devices, Such as those described herein, at positions 
identified by the encircled numbers. Certain of these posi 
tions and certain combinations of positions will be discussed 
briefly below. 

According to a first embodiment of the present invention, 
as indicated by the encircled “1”, the cooling device may 
directly contact and thermally couple with the power line 
830A. Placing the cooling device on a power line may be 
preferred to placing the cooling device on a Signal line 
because the power line may carry a large and Substantially 
invariant current and Voltage that are likely to be compara 
tively more robust and stable relative to small loads and 
disturbances introduced by the presence of the cooling 
device. Often, the cooling device connected to the power 
line may have a footprint area that is between about 0.5 um 
(micrometers Squared) and about 1.0 um and may provide 
a cooling flux between about 5.0x10" Watts/um and about 
20.0x10" Watts/um’. One exemplary cooling device, based 
on a current blocking structure containing a gate dielectric 
layer as a capacitor, may have a footprint area of about 0.7 
um and provide a flux of about 13.0x10' Watts/um. The 
capacitor may contribute decoupling capacitance that may 
be beneficial to dampen Voltage Spikes or fluctuations on the 
power line. Alternatively, a cooling device incorporating a 
reverse-biased diode current blocking structure may be used. 
Such a cooling device may have a footprint area of about 0.7 
tum and provide a cooling flux of about 8.0x10" Watts/ 
um. 
According to a Second embodiment of the present 

invention, as indicated by the encircled “2, the cooling 
device may directly contact and thermally couple with the 
signal line 840A. This may provide the advantage of direct 
cooling of the Signal line, which as discussed above may 
experience comparatively more Self-heating than the power 
line. Often, Since Signal lines are Smaller than power lines, 
the cooling device connected to the Signal line has a slightly 
Smaller footprint area than a cooling device connected to the 
power line. The Smaller area may provide a slightly Smaller 
cooling flux. The footprint is often between about 0.01 um 
and about 0.25 um' and the cooling flux is often between 
about 1x10" Watts?um' and about 10x10" Watts/um. One 
exemplary cooling device for a signal line has a footprint 
area of about 0.1 um and provides a cooling flux of about 
6.0x10" Watts/um. One drawback to connecting the cool 
ing device directly to the Signal line is an additional typically 
Small electrical load placed on the Signal line by the cooling 
device that may degrade performance. Even though the 
loads are typically Small, the Signal lines are designed very 
accurately for precise Signal timing and any additional load 
may distort these times and lead to degraded performance. 
Of course, it may be possible to accurately estimate Such 
loads and design the Signal lines taking Such loads into 
consideration. 
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According to a third embodiment, as indicated by the 
encircled “6”, a cooling device may be placed between lines, 
without direct contact to a line, to receive heat from dielec 
tric 810. Although this approach may reduce the amount of 
heat that is removed from the lines it may also serve to 
further electrically decouple the lines from the Semiconduc 
tor Substrate by blocking or Suppressing current flow into the 
Semiconductor Substrate. 

According to a fourth embodiment, as indicated by the 
encircled “1” and “3”, cooling devices may be placed on 
multiple lines including on both a signal line and a power 
line. According to a fifth embodiment, as indicated by the 
encircled “1” and “13', multiple cooling devices may be 
placed on the same line Separated by a predetermined 
effective distance. According to a Sixth embodiment, as 
indicated by the encircled “1”, “10”, “11”, “12”, and “5”, 
cooling devices may be Staggered along multiple adjacent 
lines to cool an area. Other embodiments are contemplated. 

FIG. 9 illustrates an integrated circuit 900 containing a 
dielectric material 910 having a cooling device 920 attached 
directly to a power line 930 that runs adjacent to a plurality 
of signal lines 940A,940B, 940C, and 940D. As shown, one 
pair of Signal lines are routed parallel to the power line at a 
left-hand Side and another pair of Signal lines are routed 
parallel to the power line at a right-hand Side. 

The power line and the Signal lines carry electrical 
current, generate heat due to electrical resistance, Self-heat, 
increase in temperature, and increase the temperature of the 
dielectric material in the vicinity of the lines. The cooling 
device, which is thermally coupled with both the power line 
and a Semiconductor Substrate begins to thermally conduct 
heat away from the power line when the temperature in the 
power line increases above that in the Semiconductor Sub 
Strate. Such cooling may decrease the temperature of a 
Substantial length of the power line due to good thermal 
conductively within the line. For example, it may cool a 
length of about 60 micrometers. Heat may also flow from the 
Signal lines and the dielectric material into the power line 
and be conducted away from the power line by the cooling 
device. As a result, in addition to cooling the power line, the 
cooling device may cool a larger thermal influence area 950, 
Such as a Square area sized about 20 micrometers (one 
millionth of a meter) by about 20 micrometers. The cooling 
device may be effective in cooling an even greater length 
along the power line and the Signal lines due to their high 
thermal conductivity. 
Exemplary Computer Architecture 

Integrated circuits containing thermally coupling electri 
cally decoupling cooling devices may be used in a number 
of electrical Systems including but not limited to computer 
Systems. For example, a computer System may comprise a 
microprocessor to execute instructions, the microprocessor 
containing a cooling device according to an embodiment of 
the present invention. The cooling device may cool a line 
within the microprocessor and thereby improve micropro 
ceSSor reliability and performance. AS will be appreciated by 
a perSon having an ordinary level of skill in the art and the 
benefit of the present disclosure, the computer System may 
include other conventional components Such as a bus to 
communicate information, a memory to Store information, a 
display device to display information, a data input device to 
input information, and a communication device to transmit 
information. 

In conclusion, the present invention provides a thermally 
coupling electrically decoupling cooling device to cool a 
Self-heating electrically conductive line by transferring heat 
from the line to a substrate while blocking flow of current 
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from the line to the Substrate, and provides an integrated 
circuit containing the cooling device. 

In the foregoing Specification, the invention has been 
described with reference to specific embodiments thereof. It 
will, however, be evident that various modifications and 
changes may be made thereto without departing from the 
broader Spirit and Scope of the invention. The Specification 
and drawings are, accordingly, to be regarded in an illus 
trative rather than a restrictive Sense. 
What is claimed is: 
1. An integrated circuit comprising: 
an electrically conductive line to carry an electrical 

current, the electrically conductive line containing an 
electrically conductive material having an electrical 
resistance to convert a portion of the electrical current 
into heat; 

a heat Sink to receive at least a portion of the heat, and 
a cooling device thermally coupled between the electri 

cally conductive line and the heat Sink to transfer Said 
at least a portion of the heat from the electrically 
conductive line to the heat Sink and electrically 
decoupled from the heat sink to block transfer of the 
electrical current into the heat Sink. 

2. The system of claim 1: 
wherein the cooling device comprises a via containing a 

metal that is thermally coupled with the electrically 
conductive line to transfer Said at least a portion of the 
heat from the electrically conductive line toward the 
heat Sink, and 

wherein the cooling device comprises a line containing a 
metal that is thermally coupled with the via to transfer 
Said at least a portion of the heat from the via toward 
the heat Sink. 

3. The system of claim 1, wherein the cooling device 
comprises a reverse biased diode disposed between the 
electrically conductive line and the heat Sink to electrically 
decouple the electrically conductive line from the heat Sink 
by blocking transfer of the electrical current into the heat 
Sink. 

4. The system of claim 3, wherein reverse biased diode 
comprises a reverse biased diode containing a p-doped 
region and an n-doped region. 

5. An integrated circuit comprising: 
a Semiconductor Substrate containing a Semiconductor 

device; and 
an electrically conductive line to carry an electrical cur 

rent associated with the Semiconductor device, the 
electrically conductive line containing an electrically 
conductive material having an electrical resistance to 
convert a portion of the electrical current into heat; 

a cooling device thermally coupled between the electri 
cally conductive line and the Semiconductor Substrate 
to transfer heat from the electrically conductive line to 
the Semiconductor Substrate and electrically decoupled 
from the Semiconductor Substrate to Suppress flow of 
the electrical current into the Semiconductor Substrate. 

6. The system of claim 5, wherein the cooling device 
comprises a via thermally coupled with the electrically 
conductive line and a Second line thermally coupled with the 
via. 

7. The system of claim 5: 
wherein the electrically conductive line is electrically 

coupled with a positive Voltage; and 
wherein the cooling device comprises a thermally con 

ductive structure thermally coupled with the electri 
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cally conductive line and a reverse biased diode con 
taining an n-doped region thermally coupled with the 
thermally conductive structure and embedded within a 
p-doped region thermally coupled with the Semicon 
ductor Substrate. 

8. A cooling device comprising: 
a thermally conductive structure thermally coupled with a 

Self-heating electrically conductive line to receive heat 
generated by the electrically conductive line and con 
taining a thermally conductive material to conduct the 
received heat away from the electrically conductive 
line; and 

a current blocking Structure thermally coupled with the 
thermally conductive Structure to receive heat from the 

16 
thermally conductive Structure, the current blocking 
Structure containing an at least partially thermally con 
ductive material to conduct the heat received from the 
thermally conductive Structure to a heat Sink, the cur 
rent blocking Structure containing a device to block 
flow of electrical current from the electrically conduc 
tive line into the heat sink. 

9. The cooling device of claim 8, wherein the device 
comprises a reverse biased diode containing an n-doped 
region and a p-doped region. 

10. The cooling device of claim 8, further comprising a 
microprocessor containing the electrically conductive line. 

k k k k k 


